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Abstract 
In the pulp and paper industry, the design of industrial equipment based on empirical correlations can be avoided using 
Computational Fluid Dynamics (CFD) tools. The present study aims at investigation of the turbulent pipe flow of concentrated 
Eucalyptus pulp suspension using the ANSYS FLUENT® CFD software package. The modelling strategy was a pseudo-
homogeneous approach. The non-Newtonian behavior of the pulp suspension was introduced into the CFD code considering its 
viscosity as a function of a shear rate. Additionally, the existence of a water annulus at the pipe wall surrounding the core flow 
was taken into account. Four low-Reynolds k-ε turbulence models were selected in the present study aiming at describing the 
presence of a drag reduction effect. All the models used were able to reproduce the drag reduction effect. Additionally the Lam-
Bremhorst model was modified taking into account alterations applied successfully by other authors for the turbulent flow of 
polymer solutions. A good correspondence between the peculiar S-shaped profile near the wall, for the dimensionless velocity, 
reported in literature for these systems and those obtained numerically was achieved. The approach followed was validated by 
comparing the numerical results of pressure drop with those from literature. 
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1. Introduction 
Understanding the flow behavior of concentrated pulp suspensions is important in the pulp and paper industry. 
The characteristics of the pulp distribution in the flow system influence the final product, which can have different 
properties depending on the pulp’s flow. To achieve the optimum design and process operation, which leads to 
higher production and efficiency, lower costs and improved product quality, is a significant and current issue in the 
pulp and paper industry. An inefficient operation of the pumping system can result from an incorrect design of the 
flow systems in different stages of the process and leading to greater energy consumption and process costs. 
Actually, the design of most process equipment in pulp and paper mills is still based on empirical correlations. The 
experimental and numerical studies of pulp suspensions flow remains poor and incomplete despite its growing 
interest. A better design of pulp and paper process equipment and the reduction of costs associated with it can be 
attained with the use of computational tools, such as, for example, CFD tools. 
Even though the pulp and paper manufacturing techniques are essentially the same, the final product can be 
substantially different and directed for specific applications. The main important areas of knowledge to understand 
this process are the chemistry, physics and the fluid mechanics of the process [1]. Although fiber suspensions are 
considered as solid-liquid systems, they are distinct from the other solid-liquid mixtures because of complex 
interactions between the different pulp and paper components [2]. 
The main research tasks related with the fluid mechanics of the papermaking process can be separated into: (i) the 
modelling of fiber suspensions, (ii) experimental methods to obtain the data necessary for validation and tuning the 
models, and (iii) the knowledge about the coupling between rheology and suspension characteristics [1]. The input 
for each stage is provided by output information from the other stages and all the numerical and experimental 
information required represent important challenges. 
The fiber suspension flow regimes and pressure loss curves are distinctive from those of normal slurry or liquid 
flow systems. When the shear stress is higher that the yield stress, τy, the pulp’s flow is induced (Fig. 1a) [3]. When 
the shear stress exceeds τd the suspension can exhibit a fluid-like behavior and the network structure can be totally 
disrupted [7]. At this point, called fluidization point, the suspension begins to move in a fully developed turbulent 
way with its hydrodynamic properties analogous to those of water. 
 
 
Fig. 1. Stress-rate curve for a fiber suspension (a) adopted from [4] and the corresponding pressure drop curve (b) adopted from [1]. 
Three different flow regimes have been reported (Fig. 1b): plug, transition and turbulent flow regimes. Sub-
regimes present in each regime are also reported in literature with well-defined shear mechanisms [2,4,5]. A plug of 
fibers is in contact with the pipe wall before any movement can occur, a shear force has to distort the plug and when 
the yield stress has been surpassed the motion begins. At low velocities, larger pressure drops than those of water 
flow are induced as a consequence of the existence of the plug of fibers with a very high viscosity. The maximum 
head loss at the plug flow occurs for the velocity Vm. In the transition regime plug is surrounded by a turbulent fiber-
water annulus. The plug size decreases with the increase of velocity and the turbulence intensity increases and more 
fibers are broken loose from the plug. The whole suspension then becomes turbulent behaving like a turbulent liquid 
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when the velocity is escalated beyond the point where the fiber suspension and water flow curves cross and become 
parallel. VW indicates the onset of drag reduction [2] and Vred refers to its maximum. 
The numerical studies on pulp fiber suspension flows are relatively recent and different mathematical models 
have been tested to describe such flows: the pseudo-homogenous models and the multiphase models, each having 
different complexity levels and a specific domain of application. The multiphase models are only appropriate for 
dilute systems, whereas the pseudo-homogeneous models are suited for concentrated pulps. This work addresses the 
modeling of turbulent pipe flow of Eucalyptus fibers. The conventional model was reformulated to take into account 
the presence of fibers in the flow. Some low-Reynolds k-ε turbulence models available in the ANSYS FLUENT® 
CFD software package [6] were analyzed. The approach followed was a pseudo-homogeneous approach, which is 
appropriate for highly concentrated fiber suspensions, having as start point the Newtonian homogeneous one-phase 
model. The model was validated with available experimental literature results . 
2. Experimental data 
The numerical studies presented here were performed to reproduce the experimental flow in a pipe of Eucalyptus 
pulp (fiber average length of 0.706 mm [7]) for different experimental conditions (consistency and flow rate). The 
experimental information on the viscosity of the pulp suspensions was used to obtain correlations and data to be 
introduced into the CFD code. The rheological data were obtained using an off-line equipment, a Searle-type plate 
rheometer [3,8]. Two different Eucalyptus pulps with consistencies equal to 1.50 and 2.50 % (w/w) were studied. 
The rheogram and apparent viscosity for the pulp suspensions are presented in [9]. It should be referred that the 
apparent viscosity was considered equal to the viscosity of a Newtonian fluid with the same resistance to the flow as 
the pulp, being described by [9]: 
1.  ¸¸¹
·
¨¨©
§ nKapp JP    (1) 
where μapp is the apparent viscosity, K is the consistency index and n is the flow behavior index. The flow results 
were adopted from [2,7] where experimental data obtained in a pilot rig, which was properly adapted to study the 
flow of pulp suspensions, is presented - see [2,7,9] for reference. 
3. Numerical modelling 
In the present work a pseudo-homogenous 1-phase approach was applied to simulate the pipe flow of 
concentrated Eucalyptus pulp. The experimental data to be reproduced were obtained in a smooth pipe with a test 
section with a diameter of 0.0762 m and pressure taps 4 m apart. As the flow was considered as fully developed a 
1m long pipe was modeled in the simulation (Fig. 2). 
 
 
Fig. 2. Model geometry considered [9]. 
The flow is assumed as incompressible, steady state, isothermal, and 2D with axial symmetry (numerical domain 
extents are 1m×0.0381m (length×radius)). The viscosity was calculated using equation (1) in the core region and set 
equal to water viscosity in the water annulus. Its thickness was assumed equal to the mean fiber length. 
The complete system of governing equations for the single-phase fluid flow includes the mass and momentum 
conservation equations, along with transport equations of the turbulent kinetic energy and its dissipation rate. Since a 
drag reduction effect is present in suspensions flow, low-Re k-ε turbulence models were chosen. Four turbulence 
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models were chosen (Abid [10], Lam-Bremhorst [11], Abe-Kondoh-Nagano [12], Chang-Hsieh-Chen [13]), all of 
them are accessible as built-in models in ANSYS FLUENT® [6]. The system of equations can be expressed as [9,13]: 
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where x and r are the axial and radial coordinates, respectively, ρ stands for fluid density, and the terms Sϕ, Γϕ and ϕ 
are defined in Table 1. The models functions, their constants and wall boundary conditions are applied in standard 
forms and may be found in reference papers [6,10,11,12,13]. 
Table 1. Parameters in the general transport equation [13,14]. 
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The system of partial differential equations (2) is discretized spatially using the finite volume method by means of 
the first-order upwind scheme [6]. The SIMPLE algorithm was used for the velocity-pressure coupling [6]. The 
numerical domain (1m×0.0381m) was discretized with a structured non-uniform mesh with 20×118 nodes, along x 
and r directions, respectively. The mesh refinement in the near-wall region was achieved by applying an increasing 
cell thickness by a factor of 1.05. The boundary conditions required for the numerical solution of the complete 
system of equations are related with the pipe inlet and outlet, the wall and the pipe axis. The inlet and outlet are 
linked as periodic boundary conditions and a mass flow rate at the inlet is imposed. The axis boundary condition is 
set at the pipe axis. The boundary conditions at wall are dependent on the turbulence model. The solution was 
considered to be converged when the residuals had met the specified convergence level (1×10-5). 
3.1. Modification of damping function fμ 
The presence of fibers on the flow induces a reduction of turbulent momentum transfer [15]. That should be 
reflected by the adequate modifications in the transport equations, in particular those modeling turbulent kinetic 
energy and its dissipation rate. The application of low-Reynolds k-ε turbulence models can be a good way to 
describe these effects. The modification applied to study the turbulent flow of power-law fluids present in [16] was 
chosen as a starting point. This modification was applied in the LB turbulence model resulting in a new model 
named as Malin turbulence model. The influence of several model constants on the final results was investigated. 
In the LB model, the function fμ present in the definition of turbulent viscosity Pt [13,14] was replaced by [16]: 
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where n is the flow behaviour index (see equation 1) and A1 is equal to 1.0 - Malin turbulence model. 
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4. Results 
Before modifying the standard turbulence LB model, as described in Section 3, to reproduce drag reducing of 
non-Newtonian flows, the four low-Reynolds k-ε turbulence models available in Ansys Fluent were tested. The 
purpose was to validate the UDFs (User-defined functions) used to implement the different turbulence models, by 
comparing with the results from the built-in models. The experimental data used for model validation are presented 
in Table 2. 
Table 2. Experimental data [8]. 
c 
[% w/w] 
Equation (1) Uin(1) 
[m·s-1] 
ΔP/LWater(2) 
[Pa·m-1] 
ΔP/Lexp. (3) 
[Pa·m-1] K n 
1.50 0.2798 0.532 4.49 1885.16 829.10 
1.50 6.21 3419.65 1288.69 
2.50 10.721 0.247 4.90 2212.55 1578.94 
2.50 5.55 2781.05 1753.79 
(1) Mean inlet pulp velocity. (2)Pure water flow. (3) Experimental pressure drop for the Eucalyptus suspension. 
 
The turbulence models implemented using UDFs are able to reproduce the built-in models of Ansys Fluent since 
the numerical pressure drop values are in accordance with those obtained with the Ansys Fluent models. Table 3 
shows the calculated 'P values for different models and consistencies. The drag reduction could be reproduced 
using all the models, with AB and CHC models giving the better results. However, the pressure drop values still 
deviate a lot from the experimental ones for the pulp flow. A peculiar S-shaped profile near the wall, for the 
dimensionless velocity as a function of dimensionless distance to the pipe wall, was reported in literature for fiber 
suspensions flow [17]. A good correspondence between the profiles reported in literature and those obtained 
numerically was achieved (Fig. 3). A better agreement between the numerical pressure drop and the experimental 
values was obtained for the cases where the dimensionless velocity profile followed the tendency reported [17] 
(Table 3).  
In order to try to improve the fitting between calculated and experimental values, a damping function, equation 
(3), was introduced in the LB model implemented by an UDF (Table 4). The modification in the damping function 
will influence the terms Sϕ and Γϕ - see equation (2). These modifications, presented in [16], were not appropriate to 
simulate the turbulent pulp flow cases tested in the present work. In general, this modification leads to higher values 
of pressure drop.  
Another series of simulation tests was carried out to investigate the influence of the parameter A1 on the damping 
function. The parameter A1 in Equation (3) was considered equal to 1.252 (Malin 1) and 1.052 (Malin 2). Changing 
the constant part in the exponential factor of equation (3), i.e. by varying the constant value A1, leads to some 
improvement in the calculated pressure drop when comparing to the predictions using the standard Malin turbulence 
model. The prediction with the higher value of A1 (=1.252) gives better results for the lower pulp consistency cases 
while for the higher consistencies a lower value of A1 supplies better results (see Table 4). Still, it seems that the 
Malin model, usually applied to study the flow of polymer solutions, does not fully describe the phenomena 
involved in the flow of pulp suspensions, probably because drag reduction is caused by different mechanisms. 
The profiles of dynamic viscosity, dimensionless velocity, turbulent kinetic energy and its dissipation rate, are the 
main results to be evaluated in the present work. Since P translates the non-Newtonian behavior of the pulp and is 
present in the damping functions, it is important to evaluate how it evolves radially, for the different cases. 
Table 3. Pressure drop values (Ansys Fluent UDF models). 
c 
[% w/w] 
Uin(4) 
[m·s-1] 
ΔP/Lexp.(5) 
[Pa·m-1] 
AB LB AKN CHC 
ΔP/LUDF(6) 
[Pa·m-1] 
δ(7) 
[%] 
ΔP/LUDF(6) 
[Pa·m-1] 
δ(7) 
[%] 
ΔP/LUDF(6) 
[Pa·m-1] 
δ(7) 
[%] 
ΔP/LUDF(6) 
[Pa·m-1] 
δ(7) 
[%] 
1.50 4.49 829.10 1447.20 74.6 1486.99 79.3 1604.97 93.6 360.19 56.6 
1.50 6.21 1288.69 3077.76 138.8 3272.60 153.9 3144.50 144.0 3355.60 160.4 
2.50 4.90 1578.94 2173.52 37.7 2123.32 34.5 2178.31 38.0 2157.18 36.6 
2.50 5.55 1753.79 2352.42 34.1 3040.08 73.3 2360.14 34.6 2335.43 33.2 
(4) Mean inlet pulp velocity. (5) Experimental pressure drop value. (6) Pressure drop obtained with the model implemented by UDF. (7) Relative 
error between the experimental and numerical pressure drop (|ΔP/Lexp.- ΔP/Lnum.|/ΔP/Lexp.). 
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Table 4. Pressure drop values with modified LB model. 
c 
[% w/w] 
Uin(8) 
[m·s-1] 
ΔP/Lexp.(9) 
[Pa·m-1] 
LB Malin Malin 1 Malin 2 
ΔP/LUDF(10) 
[Pa·m-1] 
δ(10) 
[%] 
ΔP/LUDF(10) 
[Pa·m-1] 
δ(10) 
[%] 
ΔP/LUDF(10) 
[Pa·m-1] 
δ(10) 
[%] 
ΔP/LUDF(10) 
[Pa·m-1] 
δ(10) 
[%] 
1.50 4.49 829.10 1486.99 79.3 1721.19 107.6 1333.78 60.9 1576.35 90.1 
1.50 6.21 1288.69 3272.60 153.9 3695.59 186.8 2551.85 98.0 3433.02 166.4 
2.50 4.90 1578.94 2123.32 34.5 2296.07 45.4 2764.89 75.1 2257.62 43.0 
2.50 5.55 1753.79 3040.08 73.3 2468.94 85.8 3084.94 85.8 2436.77 39.0 
(8) Mean inlet pulp velocity. (8) Experimental pressure drop value. (9) Pressure drop obtained with the model implemented by UDF. (10) Relative 
error between the experimental and numerical pressure drop (|ΔP/Lexp.- ΔP/Lnum.|/ΔP/Lexp.). 
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Fig. 3. Dimensionless velocity as a function of dimensionless distance to pipe wall for (a) c=1.50 % (w/w) Uin = 4.49 m·s-1, (b) c=1.50 % (w/w) 
Uin = 6.21 m·s-1, (c) c=2.50 % (w/w) Uin = 4.90 m·s-1, and, (d) c=2.50 % (w/w) Uin = 5.55 m·s-1. 
Fig. 4 shows the dynamic viscosity profiles for the cases reported in Table 3 implemented by UDFs. In all cases 
the viscosity is higher in the center of the pipe and lower closer the wall where there are no fibers and the flow 
resistance’s higher. The viscosity profile observed in Fig. 4d reflects the higher concentration of fibers in the central 
region of the pipe, where the fibers form the core region. The wider region of lower viscosity for this higher 
consistency (even if the absolute values in the central region are higher, as expected), can be associated with the 
more pronounced drag reduction effect obtained for this concentration. 
In Fig. 3 the calculated dimensionless velocity profiles using different low-Re k-ε turbulence models are 
compared. The sudden transition in velocity from the core region to the water annulus is more evident for the 
velocity profiles for c=2.50 % (w/w). This agrees with the steeper transition of the viscosity profiles observed also 
for this case.  
Regarding the velocity profiles, the LB model appears to be the most sensitive to the non-Newtonian behavior of 
the suspension, since the dimensionless velocity profiles obtained with the other models are very similar for all cases. 
The exception to the tendency reported is the profile obtained with the CHC model for Uin=4.49 m·s-1 and c=1.50 
(w/w). In this case, the pressure drop is lower than the experimental value and, also, the velocity profile has a 
distinct behavior from that obtained with the other models. If we look at the k and ε profiles for this case (Fig. 5a 
and Fig. 6a) the CHC model over-predicts the drag reduction effect which is translated by lower values of k and ε. 
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Fig. 4. Dynamic viscosity obtained numerically for (a) c=1.50 % (w/w) Uin = 4.49 m·s-1, (b) c=1.50 % (w/w) Uin = 6.21 m·s-1, (c) c=2.50 % (w/w) 
Uin = 4.90 m·s-1, and, (d) c=2.50 % (w/w) Uin = 5.55 m·s-1. 
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Fig. 5. Turbulent kinetic energy for (a) c=1.50 % (w/w) Uin = 4.49 m·s-1, (b) c=1.50 % (w/w) Uin = 6.21 m·s-1, (c) c=2.50 % (w/w) Uin = 4.90 m·s-
1, and, (d) c=2.50 % (w/w) Uin = 5.55 m·s-1. 
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Fig. 6. Dissipation rate of turbulent kinetic energy for (a) c=1.50 % (w/w) Uin = 4.49 m·s-1, (b) c=1.50 % (w/w) Uin = 6.21 m·s-1, (c) c=2.50 % 
(w/w) Uin = 4.90 m·s-1, and, (d) c=2.50 % (w/w) Uin = 5.55 m·s-1. 
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Fig. 7. Dimensionless velocity as a function of dimensionless distance to pipe wall (conditions of Table 4) for (a) c=1.50 % (w/w) Uin = 4.49 m·s-
1, (b) c=1.50 % (w/w) Uin = 6.21 m·s-1, (c) c=2.50 % (w/w) Uin = 4.90 m·s-1, and, (d) c=2.50 % (w/w) Uin = 5.55 m·s-1. 
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Figures 5 and 6 present k and ε profiles obtained for cases given in Table 3. Again, the different models perform 
similar with the exception of the CHC model for the lower consistency and velocity (Fig. 5a and Fig. 6a), as 
discussed above for the velocity profile. Still, it can be observed that for all the cases tested the CHC model gives 
always slightly lower values of k and ε, which agrees with the slightly higher drag reduction effect exhibited by this 
model. As expected, both quantities increase when approaching the pipe wall, due to the wall effect as well as to the 
absence of fibers. This is more pronounced for higher consistency since the fibers’ plug extends in this case, 
exerting its damping effect to closer vicinity of the wall. 
At the last step the influence of A1 parameter (see expression 3) on the damping effects was considered. Figures 7 
and 8 present the profiles of dimensionless velocity and kinetic energy for the cases tested (see Table 4). The effect 
of the A1 parameter on the viscosity profiles is stronger for the higher consistency cases, namely, for the lower mean 
inlet velocity tested. The presence of fibers on the flow leads to a turbulence attenuation which can be introduced 
into the CFD code by manipulating the parameter A1. It can be seen that the drag reduction is better represented for 
the cases where U+ profile predicted has higher values, LB model (c=1.50 %(w/w) cases) and Malin 1 
(c=2.50 %(w/w) cases). The different values of A1 give similar k profile, (see Figures 8). It can be observed that for 
all the situations tested the Malin model predicts higher values of k. 
 
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
0 0.01 0.02 0.03 0.04
k[
m
2 ·
s-
2 ]
r [m]
LB model
Malin model
Malin model 1
Malin model 2
a
 
0
0.04
0.08
0.12
0.16
0.2
0.24
0.28
0.32
0 0.01 0.02 0.03 0.04
k[
m
2 ·
s-
2 ]
r [m]
LB model
Malin model
Malin model 1
Malin model 2
b
 
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
0 0.01 0.02 0.03 0.04
k[
m
2 ·
s-
2 ]
r [m]
LB model
Malin model
Malin model 1
Malin model 2
c
 
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
0.22
0.24
0.26
0 0.01 0.02 0.03 0.04
k[
m
2 ·
s-
2 ]
r [m]
LB model
Malin model
Malin model 1
Malin model 2
d
 
Fig. 8. Turbulent kinetic energy (conditions of Table 6) for (a) c=1.50 % (w/w) Uin = 4.49 m·s-1, (b) c=1.50 % (w/w) Uin = 6.21 m·s-1, (c) 
c=2.50 % (w/w) Uin = 4.90 m·s-1, and, (d) c=2.50 % (w/w) Uin = 5.55 m·s-1. 
5. Conclusions 
In the present work a numerical study of Eucalyptus pulp flow using the commercial CFD software, Ansys Fluent, 
is presented. The built-in low-Reynolds AB, LB, AKN and CHC k-ε turbulence models available in the CFD 
software were reproduced using User-Defined-Functions. The CFD code was modified by considering the non-
Newtonian behavior of the pulp, i.e. the local viscosity of the pulp was dependent on local shear rate. It was also 
assumed that the core region was surrounded by a fiber-free water layer. 
The main conclusions are: 
x The drag reduction effect reported in the literature could be reproduced using all the models; 
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x The dynamic viscosity has a higher gradient in the pipe radius for the highest pulp consistency. There are also 
evident distinct regions in the dimensionless velocity profile; 
x For higher consistencies, velocity profiles show sudden transition between the core region and the water annulus, 
but additional studies need to be done considering the existence of fibers in the water annulus; 
x The AKN and CHC models could be applied successfully to all the cases studied; 
x The modification on the damping function of the LB model considering the damping function tested for the 
turbulent flow of power-law fluids [16], induces higher pressure drop values; 
x Modifying the damping function presented by Malin [16], a better prediction of the pressure drop could be 
obtained. Further studies should be conducted to test the dependence of this parameter on the flow characteristics; 
x The pulp flow is different from that of polymers thus, it seems that the Malin damping function does not fully 
describe the phenomena involved in the flow of pulp suspensions. 
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